We show that by combining laser-induced thermal desorption with conventional thermal desorption spectroscopy, one can determine separately the activation energy Ed and the preexponential factor LJ for desorption with good accuracy. Results on CO on Ni( I1 1) yield &=25.5 kcal/mol and vz lO'3/s. They agree well with values obtained by other techniques and suggest that above room temperature, CO on Ni( 111) is in a highly mobile gas-like phase.
Molecular adsorption and desorption are subjects of great importance in modem surface science as they provide information on the binding energy of adsorbates, states of adsorption, and nature of adsorbate-substrate and adsorbate-adsorbate interactions [ 11. Desorption is governed by the activation energy Ed and the pre-exponential factor v. The former describes the energy required for a molecule to desorb, while the latter is related to the state (mobile or immobile) the adsorbates are in prior to desorption [ 2, 3] . Experimental determination of Ed and v and their dependences on the surface coverage in comparison with theory will therefore allow a better understanding of an adsorbate-substrate system. Conventional thermal desorption spectroscopy (TDS) is often used to deduce Ed and v. It has, however, been recognized that a separate determination of Ed and v with good accuracy requires a very careful execution of the experiment. Measurements of the number of &lesorbed molecules must be highly accurate and free of background noise [ 2-6 1. Several methods have been developed to bypass the difficulties [ 7-111. In particular, it has been pointed out that a set of TDS measurements with very different heating rates should facilitate the unambiguous determination of Ed and v [ 8,9 1. Unfortunately, the heating rate of a substrate is often limited by the heating method.
With the help of high-power pulsed lasers, it is now possible to heat a surface with a heating rate larger than 1 O9 K/s [ 12-14 1. This has been utilized by Hall [ 15 ] to observe thermally induced surface reactions characteristically different from those induced by slow heating In this Letter, we show that pulsed laser heating to induce thermal desorption in combination with a conventional TDS (with a heating rate of 1: 1 K/s) also offers a relatively simple method to determine Ed and v fairly accurately. To measure the changes in the surface coverage 8 due to laser desorption, we used optical second-harmonic generation (SHG) as an in situ probe. This avoids complication of the dependence of the signal on the beam profile that may arise when mass spectrometry is used to monitor the desorbed molecules [ 15 1. We took CO on Ni( 111) as a model system to try out the method, and found E,x25.5 kcal/mol and YX IO"/ s in the range of 0.1 -Z t?< 0.9, in good agreement with those obtained by other techniques [ 5, lo] .
The desorption rate of molecules from a surface can be described by [ 2, 3] dt'/dt= v6'exp( -E,/RT) .
Conventional TDS studies the change in coverage with temperature d0/dT= (de/dr ) / (dT/dt) by observing the mass yield while heating up the substrate by a prescribed heating rate dT/dt. With SHG, the surface coverage f?(T) (normalized against the sat- 
where To is the initial temperature. According to statistical theories [ 2, 6] of molecular desorption, the pre-exponential factor b depends critically on the state the adsorbates are in. If the adsorbates are free to move around on the surface, v is roughly given by YM kgT/hm 1013/s. On the other hand, if the adsorbates are immobile on the surface, the relatively large entropy difference between the vapor and the adsorbed phases leads to an increase of v by x 103, that is, VW 1016/s. Experimentally due to relatively low heating rates in conventional TDS (l-lOK/s),onewouldfindfromeq.
(l)or(2)that unless the TDS data have unusually high accuracy, it is rather difficult to deduce Ed and v separately from the results [ 2-61. This is illustrated in fig. 1 . For dT/dr= 1 K/s, the two TDS curves of A8( T) ( = 1 -13( T) ) that are calculated from eq. (2) with E,=25.5 kcal/mol, v=~O'~/S and E,=32.9 kcal/ mol, v = 1 0L6/s, respectively, can hardly be resolved. If, however, the heating rate could be increased to, say, dT/dt= lo9 K/s, then the two curves with the same sets of values of Ed and v are widely separated, as is also depicted in fig. 1 . We should note that it is also difficult to separately determine v and Ed solely from thermal desorption with a rapid heating rate. 
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For example, for dT/dt= lo9 K/s, the TDS curve with E,=25.5 kcal/moland v= 1013/s can hardly be resolved from that with E,=40.1 kcal/mol and v= 1 O16/s. Thus it is obvious that one should like to use TDS with two vastly different heating rates in order to deduce v and Ed separately and accurately.
As mentioned before, the heating rate in conventional TDS is usually limited. Pulsed laser heating, however, can easily yield a rate larger than lo9 K/s [ 15 1. Instantaneous local thermal equilibrium can be expected for nanosecond pulsed laser heating of a metal surface since electron-electron and electronphonon relaxation times in a metal are in the picosecond and subpicosecond range. Although one finds it difficult to measure the coverage as a function of the temperature when the latter changes at a rate of 1 O9 K/s, we realize that the same goal can be achieved equally well by measuring 19(1-m) as a function of the pulsed laser energy. Theoretically, knowing the laser energy adsorbed, the temporal and spatial profiles of the laser pulse, and the thermal properties of the substrate, we can calculate the local temperature variation of the surface with time using, for example, the equations of Bechtel [ 17 ] #I. We believe that with the laser flux known to within 4Oh, the prediction of a temperature rise can be better than 240 K. The resultant overall thermal desorption due to the pulse heating can then be found following eq. (2). In fig.  2 , we show the two clearly resolved theoretical curves describing the overall laser-induced thermal desorption as a function of the laser fluence for CO on Ni( 111) with the same two sets of parameters Ed and u assumed in fig. 1 . The laser pulse incident on the sample was assumed to have a temporal profile of I= 1, exp( -t2/tz ) with tp = 10 ns and a spatial profile of I=& exp( -r2/a2) with a~0.25 cm. They were chosen to simulate the actual laser pulse used in our experiment. The calculation refers to desorption from the center of the beam spot on the sample over which the temperature is uniform.
The experiment was carried out in a UHV cham- ber equipped with the usual cleaning and analyzing tools. The operating pressure was maintained below (l-2) x 1O-Lo Torr. The Ni( 111) sample, 99.995% pure, was mechanically polished (with 0.05 pm A1203 powder) and afterwards annealed at 1000 K in a hydrogen atmosphere for a week to remove bulk sulfur.
The sample was then routinely cleaned with 5 x 1 Ok5
Torr Ar+ sputtering with a 500 V beam voltage at 550°C for 2 h and followed by annealing during the slow cooling down to room temperature. The clean sample surface showed hardly any trace of C and 0 and less than 0.5% of a monolayer of S as checked by Auger spectroscopy. Sharp and clean (1 x 1) LEED patterns indicated a well-ordered surface layer. The sample was additionally flash heated to 620 K right before each experimental run. All the measurements were carried out at an initial sample temperature of 273 K.
Conventional TDS spectra were obtained with dT/ dt=2 K/s, showing a desorption maximum that shifts from 425 K at low coverages to 408 K at the saturation coverage, in agreement with earlier measurements [ 5,201. For the laser-induced desorption we employed the output of a single-mode Q-switched Nd:YAG laser at 1.064 pm with the spatial and temporal profiles mentioned earlier. To probe the surface coverage of CO remaining on Ni ( 111) after laser desorption, we used surface SHG with the frequency-doubled output at 0.532 pm of the same laser source as the pump beam. The effectiveness of SHG as a surface probe has been demonstrated recently [ 161 and stems from the fact that in the electric dipole approximation the SHG process is forbidden in centrosymmetric media but necessarily allowed at symmetry breaking interfaces. Due to the high polarizability of the nearly free electrons, metal surfaces usually exhibit a high nonlinearity and thus yield a large SHG signal. The presence of CO adsorbates will greatly reduce this surface nonlinearity and therefore the observed SHG signal will be very sensitive to the surface coverage. By calibrating SHG against TDS we can use the optical technique to measure the absolute coverage to within a few percent [ 16 1. The probe beam was focused to a spot 30 times smaller than the desorbing beam on the sarnple. Thus only the central part of the desorbed area was monitored. Both laser beams came in collinearly at an angle of 40" from the surface normal. For desorption, the deposited energy from a single pulse was varied from 0.12 to 0.45 J/cm* to within 4%. The incident probe beam had a fluence of 0.07 J/cm2 per pulse at a 10 Hz repetition rate. During the time lapse of a few minutes between pumping and probing, surface diffusion and readsorption were found to be negligible [ 141. The observed change in the CO surface coverage due to laser-induced desorption as a function of laser fluence is plotted in fig. 2 by the solid line in fig. 2 . (The dependence of Y on T and r3 is not very significant. In comparison with the A8 curve calculated by assuming V= lO*'/s, the difference is only appreciable as A6 approaches 1.0.)
As discussed by Ibach et al.
[ 61, our result of vz 1013/s indicates that above room temperature, CO on Ni( 111) moves more or less freely over the surface, and is not bound to a particular site during most of its residence time. This is in agreement with the results of the TDS and EELS studies [ 5, lo], The latter yielded v= 3 x 10lz/s (within one order of magnitude) and found that the desorption rates of CO from the top and bridge sites are practically the same at such low coverages as f3= lo-'-0.4. Stochastic trajectory simulations used to study NO on Ag ( 111) and Pt ( 111) seemed to have suggested that diatomic molecules adsorbed on metal surfaces would have their lateral motion nearly frozen even at fairly high temperatures [22] . This would lead to VW lOl"/s, which seems to be the case for CO on Ru( 100) [ 91. Our result here shows that for CO on Ni ( 1 1 1 ) , the opposite is true.
In conclusion, we have demonstrated that by combining the conventional thermal desorption spectroscopy with pulsed laser-induced thermal desorption measurements, and using optical secondharmonic generation as an in situ probe for the surface coverage, we can determine the desorption kinetics parameters quite accurately. We found that for CO on Ni ( 1 1 1 ) , the desorption of CO is characterized by a pre-exponential factor of v = 1 013/s and an average heat of adsorption Ed= 25.5 kcal/mol. The latter changes from 21 kcal/mol at 19=0.9 to 27 kcal/ mol at 6= 0.1. The result indicates that CO on Ni ( 111) is in a highly mobile gas-like phase. 
